Background-Adjuvant tamoxifen therapy approximately halves the risk of estrogen receptor positive breast cancer recurrence, but many women do not respond to therapy. Observational studies nested in clinical trial populations suggest that overexpression or nuclear localization of p21-activated kinase 1 (Pak1) in primary tumors predicts tamoxifen failure.
Introduction
Tamoxifen is a selective ER modulator that binds and stabilizes ERα to prevent estradiol (E2)-mediated transactivation and tumor promotion (1) . Five years of adjuvant tamoxifen therapy approximately halves the risk of breast cancer recurrence among women diagnosed with ER-positive disease (2) . Current guidelines specify tamoxifen as adjuvant hormonal therapy for premenopausal ER-positive breast cancer patients (3) . Unfortunately, some tamoxifen-treated women experience a breast cancer recurrence. Identification of biomarkers that predict tamoxifen failure is therefore an urgent research and clinical objective.
P21-activated kinase 1 in breast cancer
Pak1 is a serine/threonine kinase involved in signaling cascades with endpoints in cell migration, survival, and proliferation (4) . Pak1 directs normal mammary tissue development (5) , and deregulation of its activity results in breast tumor formation in mice (6) . Laboratory evidence also implicates deregulated Pak1 activity in loss of tamoxifen sensitivity. In the absence of estradiol (E2), Pak1-mediated phosphorylation of serine-305 in ERα (ERαS305-P) precipitates auto-phosphorylation on serine-118 (ERαS118-P) and leads to E2-independent transactivation and increased transcription of estrogen-responsive genes (7, 8) .
The impact of Pak1 amplification on tamoxifen effectiveness was studied in a Stockholmbased, tamoxifen trial-nested cohort of 224 postmenopausal women with breast tumors that had either metastasized to lymph nodes or that were >30 mm in diameter (9) . Among women without Pak1 gene amplification, tamoxifen reduced the recurrence rate compared with untreated women [hazard ratio (HR)=0.53, 95% confidence interval (CI): 0.32, 0.88] (9) . Among women with Pak1 gene amplification, recurrence rates were similar between women in the tamoxifen and control arms (recurrence HR=1.6, 95% CI: 0.47, 5.6) (9).
Among premenopausal women with ERα-positive stage II breast cancer who participated in a second Swedish trial (SBII:2a) of 2 years of adjuvant tamoxifen therapy, tamoxifen treatment was associated with a lower recurrence rate in the stratum of patients whose tumors had low cytoplasmic Pak1 staining (HR for tamoxifen-treated compared with untreated women=0.50, 95% CI: 0.33, 0.76) (10) . Tamoxifen treatment was not substantially associated with recurrence rate in the stratum of patients whose tumors had either high cytoplasmic Pak1 staining (HR=0.89, 95% CI: 0.42, 1.9), or any nuclear Pak1 staining (HR=0.96, 95% CI: 0.41, 2.3) (10). In the same trial population, similar associations were observed when nuclear ERαS305-P was evaluated as a predictive biomarker: tamoxifen was associated with a lower recurrence rate among women whose tumor nuclei were free of ERαS305-P (HR=0.53, 95% CI: 0.32, 0.86), but was not protective among women whose tumor nuclei were positive for ERαS305-P (HR=1.0, 95% CI: 0.33, 3.1) (11).
In another study-also nested in the Stockholm trial population-the combination of nuclear Pak1 and nuclear ERαS305-P resulted in no recurrence benefit of tamoxifen therapy (HR=1.33, 95% CI: 0.42, 4.19), whereas tamoxifen was protective against recurrence among women whose tumors lacked both markers (HR=0.43, 95% CI: 0.30, 0.62) (12) . A similar pattern was observed in another study that evaluated both a Dutch metastatic breast cancer case series and participants in the SBII:2a trial (13) .
Given the combined evidence, a commentator suggested that Pak1 could be adopted in clinical practice as a predictive biomarker of tamoxifen resistance (14) . Because the evidence base upon which this recommendation rested is relatively sparse, we conducted a Danish population-based study of tamoxifen resistance to examine the potential association between breast tumor Pak1 and ERαS305-P cytoplasmic staining intensity, Pak1 nuclear localization, and breast cancer recurrence (15) .
Materials and Methods

Study population
A detailed report of the source population, sampling of cases and controls, and exclusion criteria is given in an earlier publication (15) . Briefly, the source population consisted of all female residents of Denmark's Jutland Peninsula between 1985 and 2001 who were diagnosed with non-metastatic invasive breast cancer between the ages of 35 and 69, and whose diagnoses were reported to the Danish Breast Cancer Cooperative Group (DBCG) Registry (16) . Members of this source population were divided into two groups: women who were diagnosed with ER-positive tumors and were treated with tamoxifen for at least one year (ER+/TAM+), and women who were diagnosed with ER-negative tumors and were not treated with tamoxifen, but survived for at least one year after primary therapy (ER−/TAM −). Women meeting neither group definition were excluded. We included the ER−/TAM− group to evaluate whether Pak1 expression was prognostic for breast cancer recurrence in the absence of ER expression and tamoxifen treatment. Absence of a prognostic effect in the ER−/TAM− group would allow attribution of a non-null association in the ER+/TAM+ group to a tamoxifen/ER-dependent mechanism, and would demonstrate the predictive utility of the biomarker.
Cases were women who were diagnosed with a contralateral tumor or local, regional, or distant recurrence within ten years, as recorded in the DBCG Registry (17) . We then randomly selected one control who matched the case on follow-up time, group membership (ER+/TAM+ or ER−/TAM−), menopausal status at diagnosis (pre-or postmenopausal), date of breast cancer surgery (caliper matched ±12 months), county of residence at diagnosis, and Union for International Cancer Control (UICC) stage at diagnosis (I, II, or III).
Data collection from Danish registries
The DBCG Registry provided data on patients' demographics (age, menopausal status, county of residence, hospital of diagnosis), tumor (UICC stage, histological grade, ER expression), and treatment characteristics (type of primary surgery, receipt of adjuvant radiotherapy and chemotherapy, and receipt of tamoxifen therapy). Medical history data required for calculation of the Charlson Comorbidity Index (CCI) scores (18, 19) were collected from the Danish National Patient Registry (20) .
Tissue processing, genotyping, and immunohistochemistry
Details on the collection and processing of archived breast tumor tissue, extraction and amplification of DNA, and central re-assay of tumor ER status are provided in an earlier publication (15) . A commercially available TaqMan kit was used to determine CYP2D6*4 genotype (rs3892097; Applied Biosystems kit number C-27102431-D0).
Hematoxylin-and eosin-stained whole tumor slides were reviewed by a pathologist to identify regions of invasive carcinoma. From these regions, up to three 1 mm cores were removed and placed into tissue microarrays (TMA). Thirty-five TMAs accommodated all cases and controls. Sections (2.5µm) were cut from each TMA block and placed on glass slides for immunohistochemical assays. Mounted sections were incubated at 60°C for one hour before paraffin removal with Tissue-Clear reagent (Sakura Finetek Europe B.V., The Netherlands) and serial ethanol baths. Antigen retrieval was accomplished by incubating the sections with pH 9 Tris/EGTA buffer (VWR-Bie & Bertsen, Denmark) in a microwave oven. The sections were stained in one batch on a LabVision Autostainer (ThermoFisher Scientific, Fremont, CA, USA) using the EnVision+ detection system (Dako Corporation, Denmark). The sections were enhanced with copper sulphate and visualized with diaminobenzidine chromogen. Pak1 was detected with a monoclonal antibody (Millipore clone #EP795Y, Lot #DAM1498518) at a 1:300 dilution. ERαS305-P detection was attempted with three phosphorylation site-specific antibodies (Millipore catalog numbers 05-922 and 07-962, and Bethyl catalog number A300-598A) at varying dilution factors and under several automated and manual staining protocols.
Pak1 and ERαS305-P expression were evaluated by a single pathologist blinded to the case/ control status of the tissue cores. For each core, Pak1 cytoplasmic intensity was classified on an ordinal scale similar to that used by Holm et al (10) . Pak1 nuclear staining was classified as negative, ambivalent, or positive, with positivity defined as ≥10% of tumor nuclei exhibiting Pak1 staining. Each subject's cytoplasmic and nuclear Pak1 status was defined as the maximum value across replicate tumor cores.
Definitions of analytic variables
The DBCG defines breast cancer recurrence as any diagnosis of a new local, regional, or distant lesion following primary therapy (21) . Ordinal Pak1 cytoplasmic staining intensity was collapsed into categories of none, light, and strong ( Figure 1 ). Given the importance of even low levels of nuclear Pak1 reported in earlier studies, we maximized sensitivity by defining Pak1 nuclear positivity as ambivalent positives plus strong positives. In sensitivity analyses, alternative definitions of nuclear positivity included a specific definition (in which ambivalent cases were counted as negative) and an exclusive definition (in which nuclear status was set to missing for ambivalent cases). Cytoplasmic Pak1 intensity was modeled with design variables representing light staining and strong staining. Nuclear Pak1 positivity was modeled as a dichotomous variable.
Year of diagnosis (the year in which subjects underwent breast cancer surgery) was categorized into the following periods and modeled with design variables: 1985-1993, 1994-1996, and 1997-2001 . Menopausal status (pre-or post-) was defined on the diagnosis date. Age at diagnosis was modeled as a continuous variable in regression analyses. UICC stage (I, II, or III) was modeled with design variables. Type of primary surgery was defined dichotomously as receipt of either a mastectomy or a breast-conserving procedure. Adjuvant chemotherapy and radiotherapy were both defined dichotomously (received/did not receive). Genotype at the CYP2D6*4 locus was defined as homozygous wild-type, heterozygous, or homozygous variant according to the auto-call feature of the analytic software (MXPro QPCR version 4.1; Stratagene), and was modeled with design variables.
Statistical analysis
We tabulated the frequency and proportion of cases and controls according to demographic, clinical and tumor characteristics within categories of analytic group (ER+/TAM+ or ER −/TAM−). Observed CYP2D6*4 genotypes in controls were compared with frequencies expected under Hardy-Weinberg equilibrium by calculating the chi-squared test statistic, both overall and within analytic groups (22) .
Within ER+/TAM+ and ER−/TAM− groups, we fit conditional and multivariate logistic regression models to estimate associations between Pak1 cytoplasmic intensity, nuclear positivity, and breast cancer recurrence. Multivariate models accounted for matched factors by modeling them alongside the following candidate confounders: histological grade, age at diagnosis, receipt of adjuvant chemotherapy, receipt of adjuvant radiotherapy, type of primary surgery, and CYP2D6*4 genotype.
We also fit multivariate models in subsets of women with 2 normal alleles at the CYP2D6*4 locus, and women whose tumor ER status was concordant between the original diagnostic assay and the centralized re-assay for this study. Associations are reported as odds ratios (ORs) with accompanying 95% confidence intervals (CIs). Because controls were sampled from cases' risk sets, odds ratios approximate recurrence rate ratios (23) .
Data on histological grade were missing for approximately 42% of cases and controls. We therefore conducted a secondary multivariate analysis in which missing grade data were multiply imputed based on the cumulative logistic regression of observed grade on age at diagnosis, menopausal status at diagnosis, stage at diagnosis, tumor ER status, year of diagnosis, recurrence status, and receipt of adjuvant chemotherapy (24) . We performed a total of 5 imputations, fit multivariate models separately to each imputed data set, then pooled association estimates over all imputations (25) . Analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC, USA); statistical tests were two-sided (alpha=5%). 
Results
Characteristics of cases and controls
In the ER+/TAM+ group there were 541 cases of recurrence, to whom 541 recurrence-free controls were matched. From the ER−/TAM− group we sampled 300 cases of recurrence, to whom 300 recurrence-free controls were matched. Within both the ER+/TAM+ and ER −/TAM− groups, identical or similar proportions of cases and controls fell into each category of diagnosis year, menopausal status at diagnosis, age group at diagnosis, UICC stage, type of breast cancer surgery, receipt of adjuvant chemotherapy and radiotherapy, and CYP2D6*4 genotype ( Table 1) .
Genotypes of all controls at the CYP2D6*4 locus were in Hardy-Weinberg equilibrium (P=0.21). Findings were similar when we assessed equilibrium among controls within ER/TAM strata. Table 2 shows the distribution of Pak1 cytoplasmic staining intensity and nuclear positivity according to other tumor characteristics and clinical/demographic factors. Strong cytoplasmic Pak1 staining was more prevalent among ER+/TAM+ women and was associated with lower histological grade. Histological grade was negatively associated with nuclear Pak1 status, whereas number of variant alleles at CYP2D6*4 was positively associated with Pak1 nuclear staining. Otherwise, staining distributions were similar across levels of the factors examined.
Pak1 cytoplasmic intensity and nuclear status in breast tumors
ERαS305-P cytoplasmic intensity
No combination of antibody and assay protocol yielded variability in the ERαS305-P staining pattern across tumor cores; all cores were either completely negative or showed positive nuclear and/or cytoplasmic staining (Figure 2 ; details available from corresponding author). This lack of variability precluded evaluation of associations between ERαS305-P and breast cancer recurrence. Table 3 shows associations between Pak1 cytoplasmic intensity, nuclear localization, and breast cancer recurrence. Results did not differ appreciably between conditional models, which adjusted only for matching factors, and multivariate models, which adjusted for matching factors and candidate confounders.
Pak1 cytoplasmic intensity, nuclear localization, and breast cancer recurrence
Pak1 cytoplasmic intensity was not associated with breast cancer recurrence in either the ER +/TAM+ or ER−/TAM− groups (in the ER+/TAM+ group: OR adj , strong cytoplasmic Pak1 vs. no cytoplasmic Pak1=0.91, 95% CI: 0.57, 1.5; in the ER−/TAM− group: OR adj , strong cytoplasmic Pak1 vs. no cytoplasmic Pak1=0.74, 95% CI: 0.39, 1.4). Associations between nuclear Pak1 positivity and breast cancer recurrence were near null and very similar in both analytic groups (in the ER+/TAM+ group: OR adj =1.3, 95% CI: 0.89, 1.8; in the ER−/TAM− group: OR adj =1.2, 95% CI: 0.72, 1.9). Multivariate models using multiply imputed values of histological grade yielded similar results (Table 3) .
Associations were also similar when we restricted to women with two normal alleles at CYP2D6*4 or to women whose tumor ER status was concordant between original diagnosis and centralized re-assay for this study (Table 4) . Associations between recurrence and nuclear Pak1 status were essentially unchanged in models using the specific and exclusive alternative definitions (data not shown).
Discussion
We observed no association between primary tumor cytoplasmic Pak1 intensity and breast cancer recurrence among both ER-positive, tamoxifen-treated and ER-negative, tamoxifenuntreated women diagnosed with non-metastatic breast cancer. Associations between tumor Pak1 nuclear positivity and breast cancer recurrence were near null, and very similar in the ER+/TAM+ and ER−/TAM− groups. Although it may be tempting to interpret the association as marginally positive in the ER+/TAM+ group, it was also indistinguishable from that in the ER−/TAM− group. These findings support neither a predictive nor prognostic role of nuclear or cytoplasmic Pak1 in primarily postmenopausal early-stage breast cancer patients.
To our knowledge this is the largest study yet (in terms of the number of recurrence events) of Pak1 and tamoxifen effectiveness, and the first to report a null association. Study strengths include virtual immunity from selection bias through identification of recurrence cases and controls from the prospective and nearly complete population-based DBCG Registry, and characterization of exposures on the basis of breast tumor specimens obtained from independent hospital pathology departments. Furthermore, data were of high quality: the positive predictive value of the DBCG Registry's recurrence classification was reported to be 99.4% (26) , and this finding was confirmed by medical record review for a subset of cases in this study (15) . Since our study covered a time period of evolving ER assay methodologies, we centrally re-assayed ER status for cases and controls using current standard clinical methods (27) . Our use of TMAs allowed Pak1 and ERαS305-P to be assayed in one batch with single reagent lots, eliminating two major sources of staining variability common to immunohistochemical assays. While TMAs are sometimes criticized for their potential to misrepresent histological and molecular characteristics of whole tumors, we were careful to select regions of invasive breast cancer and included up to three such cores for each subject. Furthermore, validation studies indicate that multi-core TMAs closely approximate the molecular information gleaned from whole-tumor breast carcinoma slides (28, 29) . CYP2D6*4 genotype data were in Hardy-Weinberg equilibrium, which demonstrates the representativeness of our control population and the technical proficiency of our laboratory.
Of the covariates we evaluated, only histological grade substantially changed association estimates upon adjustment. For example, the unadjusted association between strong Pak1 cytoplasmic intensity and breast cancer recurrence in the ER+/TAM+ group increased by 31% when grade was added to the model; no other covariate changed the crude estimate by more than 4% when modeled singly with Pak1 cytoplasmic and nuclear scores (data not shown). Directions of estimate displacement upon adjustment for grade followed expectations based on univariate associations between Pak1 scores, grade, and recurrence status. While grade data were missing for a substantial proportion of cases and controls, our secondary analysis using multiply imputed histological grade-an analytic technique recommended for molecular epidemiology studies (30)-did not yield different results.
Study limitations include its restriction to primarily postmenopausal women (96% in the ER +/TAM+ stratum), and the fact that some women in the ER+/TAM+ stratum received less than the recommended 5-year course of tamoxifen treatment. About two-thirds of ER+/TAM + women were initially assigned to 1 or 2 years of tamoxifen therapy, while one-third of ER +/TAM+ women were assigned to 5 years of therapy. Our earlier validation study compared original assignment with actual duration of tamoxifen therapy abstracted from medical records, and estimated that 70% of women initially assigned to 1 or 2 years of tamoxifen actually received 5 years of therapy because of evolving treatment guidelines (15) . Therefore, tamoxifen use in our study population was likely closer to current guidelines than tamoxifen use in the previous studies that reported associations between Pak1 expression and recurrence among tamoxifen users (9-13). We collapsed Pak1 staining categories in our analyses, which resulted in a reference category of unequivocal negatives combined with probable negatives (weak or trace staining). While this had the potential to misclassify true Pak1 status and to attenuate association estimates, our findings were similar when we modeled staining levels individually (data not shown). Finally, we used the DBCG definition of recurrence as our outcome, which comprises local, regional, and distant disease. If Pak1 were associated only with distant recurrence among tamoxifen users, the inclusion of local and regional lesions in the composite outcome would be expected to attenuate that association. However, all of the earlier studies that found an association between Pak1 expression and recurrence on tamoxifen used similar composite definitions of recurrence (9-13), which argues against outcome misclassification as an explanation for our null result. Furthermore, Pak1 is a suggested predictive marker for tamoxifen effectiveness, and since tamoxifen therapy protects against all types of recurrence, our outcome definition is the most appropriate choice for evaluating that claim.
Unlike earlier reports (11-13), we detected no variability in tumor ERαS305-P staining. Previous studies observed a majority of breast tumors to be negative for nuclear ERαS305-P staining (11) (12) (13) , and two of these studies used the same monoclonal antibody that we initially used for our assays (11, 13) .
Most previous clinical evidence concerning Pak1 and tamoxifen failure comes from studies nested in one of two Swedish tamoxifen trials. The SBII:2a trial, which began enrollment in 1986, randomized premenopausal stage II breast cancer patients to either 2 years of tamoxifen (20 or 40 mg/day) or no treatment (31) . A Stockholm-based trial, which began enrollment in 1976, randomized postmenopausal early stage breast cancer patients to either 2 years of tamoxifen (40 mg/day) or no treatment (32) . Other published evidence comes from a relatively small and highly selected case series (n=142) of women diagnosed with metastatic breast cancer in The Netherlands (33) . Our study therefore provides important diversity in the source populations generating evidence for associations between breast tumor Pak1 status and tamoxifen failure. Given our null result, the earlier recommendation to incorporate Pak1 expression as a predictive biomarker for tamoxifen merits reconsideration. Images of tumor cores representative of the categories used to classify Pak1 cytoplasmic staining intensity and nuclear positivity. A: negative cytoplasmic and negative nuclear staining; B: light cytoplasmic and negative nuclear staining; C: strong cytoplasmic and negative nuclear staining; D: light cytoplasmic and positive nuclear staining. Images depicting staining patterns observed for ERαS305-P using different commercial antibodies and assay protocols. No variability was observed across tumor cores under any given combination of antibody and assay protocol. A: Negative staining using Millipore antibody #05-922 at 1:20 dilution with manual protocol and overnight incubation; B: Positive nuclear staining using Millipore antibody #07-962 at 1:50 dilution with manual protocol and 30 minute incubation; C: Weak cytoplasmic and nuclear staining using Bethyl antibody #A300-598A at 1:300 dilution with manual protocol and overnight incubation; D: 73 (27) 112 (41) 90 (33) 157 (54) 134 (46) 1994-1996 44 (27) 70 (42) 51 (31) 96 ( 25 (40) 13 (21) 45 (68) 21 (32) 45-54
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